1. Introduction {#sec0005}
===============

Transcranial direct current stimulation (tDCS) has been highlighted as a non-invasive method of modulating brain function. It has been consistently shown in healthy young adults that cortical activity can be temporarily altered by applying a weak continuous current between two electrodes positioned on the scalp. The effects depend on the position and polarity of the electrodes; specifically brain activity is increased by anodal stimulation and decreased by cathodal stimulation. The published beneficial effects are diverse and include improved: visuo-motor performance ([@r2]), implicit learning ([@r28], [@r22], [@r21]), procedural learning ([@r37], [@r36]), working memory ([@r43]), reaction time([@r29]), fine motor skills ([@r41], [@r40], [@r34]), functional performance ([@r5]), and muscle endurance ([@r9]). Because it is portable, relatively inexpensive, and safe, there is a growing interest in utilizing tDCS in the management of several disease conditions which produce cognitive and movement dysfunction.

There is a paucity of research evaluating the effects of tDCS in the aged. The need for further research in this population is two-fold. Firstly, ageing is associated with an increased prevalence of disease conditions such as Stroke, Parkinson's Disease and Alzheimer's Disease. Extrapolating results from studies in young adults to patients with disease conditions prevalent in aged populations may not be valid given that both cortical structure and function change with age ([@r35]). Ageing leads to alterations in the excitability of the motor cortex ([@r30]) which may impact on the effects of cortical stimulation. Furthermore, the comparison of movement related outcomes between different age groups may be invalid as studies have shown that the kinematics of limb movement is altered with age such that movement patterns become more rigid and reaction times are increased ([@r4]). Secondly, healthy aging is associated with a successive decline in cognitive and motor abilities which impair independent functioning ([@r7]). It has been speculated ([@r44]) that non-invasive brain stimulation may be able to ameliorate the decline in this population with obvious potential social and financial benefits.

To our present knowledge, only two clinical studieshave examined the effects of anodal stimulation in thehealthy aged. [@r19] and [@r45] examined the effects of anodal tDCS applied over the motor cortex of older adults and demonstrated that upper limb functional performance could be improved in a manner consistent with the findings of younger patients. While these results are promising, they are limited in terms of generalisation as they only assessed the effects of dominant cortex stimulation on dominant hand function. As anodal stimulation is thought to increase excitation of the underlying cortex it is feasible that it may simultaneously decrease contralateral excitation via transcallosal inhibition, thus potentially impairing ipsilateral hand function. Similarly, behavioural effects of the cathode over the contralateral prefrontal cortexcannot be ruled out ([@r45]). Thus these preliminary positive findings warrant replication and more extensive study.

In this study, we used a double blind randomised controlled design to examine whether anodal stimulation of either hemisphere leads to improved performance of the contralateral hand and/or altered function of the ipsilateral hand. In addition, we examined movement preparation and selection using a cued go/nogo task while recording both behavioural and electroencephalography (EEG) data. Electrophysiologically, motor preparation is indexed by the contingent negative variation (CNV) component, indicating the level of readiness to respond to a predicted target ([@r24]) and has been linked to the level of excitation in the supplementary motor cortex ([@r25]). Hence we can examine the effect of anodal tDCS on movement preparation by examining response times and CNV amplitude to prepared and unprepared responses following active and sham stimulation.

2. Methods {#sec0010}
==========

2.1. Subjects {#sec0015}
-------------

Subjects were recruited from the Hunter Medical Research Institute volunteer register. We included 34 right handed subjects over the age of 40 years with normal physical and neurological functioning. The time in life when brain ageing begins is undefined, however genetic studies suggest measureable decline after the age of 40 years (Lu, Pan et al., 2004). Left handed subjects were excluded as laterality in the motor hand function tests might not be present in these subjects ([@r31]). Hand dominance was determined using the modified Edinburgh Handedness Inventory ([@r11]). Other exclusion criteria were: reduced cognitive functioning (i.e. a score of 24 or less on the Montreal Cognitive Assessment scale ([@r27]), reported history of neurological disease or muscular dysfunction, psychiatric illness, use of CNS-acting medication, pregnancy, metal implants in the cranium or upper torso, unstable medical conditions, or skin lesions on the scalp.

2.2. Study design {#sec0020}
-----------------

Participants were allocated via computer generated randomization on a 1:1 ratio to one of two treatment orders: sham/tDCS or tDCS-sham. They were then randomized to receive the intervention to either their dominant or non-dominant hemisphere. During each session, the assessment of function and strength was conducted prior to and immediately after the intervention. These assessments included the Jebsen Taylor Hand Function Test (JTT) - a validated timed test of seven functional tasks such as manipulating objects, writing, turning pages etc. ([@r20]) followed by key grip and pinch grip strength - maximal strength as measured by dynamometer. Response processes were assessed using a cued go/nogo paradigm during which electrophysiological (EEG) data were recorded. This task included separate blocks of directional and non-directional cue blocks. All trials began with a small fixation cross which was followed after 500 ms by the cue onset. The cue-target interval was 1500 ms and the target stayed on the screen for 1000 ms. The cue consisted of two white arrows pointing in opposite directions (\< \>) for non- directional trials, and validly predicted the timing of target onset. The target was two green directional arrows in bold (\< \<or\> \>) that indicated the response hand. For directional trials, the cue consisted of two white arrows (\> \>or\< \<) that validly predicted the direction of the target arrows and therefore the required response. For 70% of trials the target was the predicted directional green arrows, identical to those in the non-directional cue condition. On the remaining 30% of trials the target was a red cross (x) indicating that the prepared response must be withheld (e.g. nogo trial). Participants were instructed to prepare a motor response with the hand indicated by the cue but wait until the target to emit the prepared response (go target) or withhold the response (nogo target). Participants completed three brief practice blocks prior to the intervention, and the task consisted of three blocks of the directional cues and two blocks of non directional cues. The total duration of this testing was 38 minutes and it occurred directly after the administration of the post-stimulation functional measures.

Both assessors and subjects were blinded to the type of intervention (sham/anodal tDCS) which was applied in a cross-over sequence with a fixed washout period of three weeks. At the conclusion of each session, participants were asked to complete a questionnaire to indicate whether they believed they had received the active treatment or the sham condition and to document any adverse effects.

2.3. tDCS {#sec0025}
---------

Anodal tDCS was delivered using a commercially available, programmable, direct current stimulator (neuroConn DC-stimulator). Two saline-soaked electrodes (35 cm^2^) were placed on the scalp with the anode positioned in the region over the primary motor cortex (centred on C3 for the dominant hemisphere and C4 for the non-dominant hemisphere) using the 10-20 electroencephalogram system. The correspondence of these surface areas to the primary motor cortices has been confirmed in neuroimaging studies ([@r17]). The cathode was positioned on the contra lateral supraorbital region. This electrode arrangement is the most typically reported configuration for stimulating the cortical region which represents hand function ([@r13], [@r19]).

A current of 1 mA was applied for 20 minutes. The stimulator was programmed to ramp up the current over several seconds to minimize discomfort. The participants were informed that they could expect to experience a tingling (but not unpleasant) sensation under the electrodes which would rapidly dissipate such that there was little or no physical perception of stimulation after approximately 2 minutes. The set up for the sham condition was identical with the stimulator programmed to turn off after the initial 30 seconds. This has previously been shown to be an effective sham condition which is indistinguishable from the true intervention ([@r18], [@r15], [@r28]). As several studies have demonstrated that the physiological state of the subject during stimulation can impede the effects of tDCS ([@r3], [@r33]), subjects were instructed to sit quietly during the stimulation to avoid interference from cognitive or physicalactivity.

2.4. Data analysis {#sec0030}
------------------

Demographic and disease characteristics of participants were compared between the intervention and control groups at baseline using Chi-square tests or Fisher's exact test for characteristics with a small number of participants in some cells of cross-tabulations. The main functional outcome measure was the difference between a subject's total score on the JTT before and after treatment for each stimulation condition. We also analysed the subscores of fine motor tasks (items 1 to 4) and gross motor tasks (items 5 to 7) on the JTT and both grip measures The mean and 95% confidence intervals are reported for each intervention group (sham, tDCS) at each time point. The five motor function measures (total JTT score, gross and fine motor subscales of the JTT, and the two pinch-grip measures) were analysed using a four-way mixed-design analysis of variance (ANOVA), with one between subjects factor: Hemisphere of intervention (dominant, non-dominant) and three within subjects factors: Stimulation condition (anodal tDCS, sham), Hand (left, right) and Time (pre-, post-intervention). It is important to note that in these analyses an effect of anodal tDCS is represented in a significant stimulation × time interaction, i.e. greater improvement in responding from pre-intervention to post -intervention scores for active as compared to sham stimulation. Behavioural go/nogo task data were also analysed using a four-way mixed-design ANOVA with Hemisphere, Stimulation, Hand and Cue (directional, non-directional). To control for the effect of age on any significant effects we also re-ran these analyses including participants' age as a covariate. Note that in these analyses, an effect of anodal tDCS is represented in a significant stimulation main effect or interaction with other factors, as there was no pre-intervention assessment on the go/nogo task.

The EEG was continuously sampled at 2048 Hz/channel reference free using a BioSemi ActiView II system. Activity was recorded using a standard 64-channel montage as well as left and right mastoids, the supra-orbital and infra-orbital electrodes of each eye, and the two lateral orbital electrodes. Subjects were seated in front of a computer screen in a customised chair with a push button in each of the armrests. Continuous EEG files were re-referenced to average mastoids, and filtered at 0.02-- 30 Hz. A 50 Hz notch filter was used to remove line noise. EEG data were processed and analysed using EEG Display 6.3.12 (W.R. Fulham). EEG epochs were extracted from 500 ms before cue onset to 1000 ms after target onset and were over a 200 ms interval prior to onset of the fixation cue. Mean amplitude of the late CNV was measured at the vertex (Cz) over 1300-- 1500 ms after cue onset and was analysed using the same four-way mixed models ANOVA as the behavioural data.

3. Results {#sec0035}
==========

3.1. Participant characteristics {#sec0040}
--------------------------------

Demographic and clinical characteristics assessed included age, gender and cognition (MoCA). Average age was 61 years (range 41-- 86) with 19 males and 15 females. Age and gender were evenly distributed between the groups defined by the side of the cortex stimulated (*t* = 0.61, *P* = 0.54; *χ* ^2^ = 1.94, *P* = 0.16). All MoCA scores were within normal limits (mean = 27.9, range 24-- 30) therefore no subjects were excluded from the analyses ([Table 1](#rnn-33-4-rnn140490-t001){ref-type="table"}). At baseline, all measures were consistent with age matched normative data (Jebsen, Taylor et al., 1969)

3.2. Functional motor measures {#sec0045}
------------------------------

*Total JTT:* As shown in [Fig. 1](#rnn-33-4-rnn140490-g001){ref-type="fig"} (left), response time did not differ as a function of Hemisphere of intervention (*p* \>  0.1). JTT was completed faster with the right than with the left (*F* (1, 32) = 455.09, *p* \<  0.001). It was also completed faster post-intervention compared to pre-intervention (*F* (1, 32) = 26.38, *p* \<  0.001), indicating a significant practice effect. The significant interaction between Hand and Time (*F* (1, 32) = 18.7, *p* \<  0.001) indicates a greater improvement with practice for the left hand.

There was a significant interaction between Stimulation and Time (*F* (1, 32) = 4.31, *p* = 0.046), indicating more improvement following anodal tDCS compared to sham. This improvement was significantly greater for the left compared to the right hand (Stimulation × Time × Hand: *F*(1, 32) = 7.9, *p* = 0.008). As shown in [Fig. 1](#rnn-33-4-rnn140490-g001){ref-type="fig"} (left), this left hand advantage was evident regardless of whether stimulation was over the left or the right hemisphere.This is supported by the absence of any significantHemisphere main effect or interaction. Age signifi-cantly affected total JTT score (*F*(1, 31) = 6.3, *p* = 0.017), but did not significantly mediate the size of the Stimulation × Time effect.

*Fine motor JTT:* [Fig. 1](#rnn-33-4-rnn140490-g001){ref-type="fig"} (centre) shows that fine motor JTT scores produced results compatible with those of the total JTT score. As above, responding was faster for right than left hand responses (*F*(1, 32) = 407, *p* \<  0.001) and post-intervention compared to pre-intervention (*F*(1, 32) = 20.1, *p* \<  0.001). The improvement from pre- to post-intervention was again greater for left than for right hand responses (*F* (1, 32) = 17.8, *p* \<  0.001). There was a significant main effect of Stimulation(*F*(1, 32) = 5.34, *p* = 0.027) and an interaction between Stimulation and Hand (*F*(1, 32) = 6.47, *p* = 0.016). Although there was no Stimulation × Time interaction, the data in [Fig. 1](#rnn-33-4-rnn140490-g001){ref-type="fig"} (centre) suggest that, like total JTT, stimulation improved performance for the left hand. Again, there was no effect of Hemisphere of stimulation.

*Gross motor JTT:* As shown in [Fig. 1](#rnn-33-4-rnn140490-g001){ref-type="fig"} (right), gross JTT was faster for right than left hand (*F*(1, 32) = 20.8, *p* \<  0.001), post-intervention compared to pre-intervention (F (1, 32) = 5.5, *p* = 0.026), and this practice effect was greater for left than right hand responses (F(1, 32) = 4.6, *p* = 0.04). However, there was no effect of Stimulation or Hemisphere.

*Grip measures:* Grip measure scores are shown in [Fig. 2](#rnn-33-4-rnn140490-g002){ref-type="fig"}. There was no stimulation × time interaction on either measure.

3.3. Go/Nogo task behavioural results {#sec0050}
-------------------------------------

Both dominant and non-dominant hemisphere stimulation groups responded faster to directional compared to non-directional cues (*F* (1, 32) = 153.7, *p* \<  0.001) consistent with use of cues to prepare a motor response. As evident in [Fig. 3](#rnn-33-4-rnn140490-g003){ref-type="fig"}, anodal tDCS stimulation did not reduce reaction time (*p* \>  0.2). In fact, for the dominant hemisphere stimulation group, stimulation appears to have increased reaction time, especially for directional cues. This is shown in the significant interaction between stimulation, cue and hemisphere group (*F* (1, 32) = 6.99, *p* = 0.013).

3.4. Electrophysiological results {#sec0055}
---------------------------------

The electrophysiological data of two participants were removed from the analysis: one because of a high level of artefact and the other because of a technical problem resulting in loss of data. Therefore, ERP analyses were completed on the remaining 32 participants. CNV amplitude was larger for directional than non-directional cues (*F* (1, 30) = 8.96, *p* = 0.005), indicating successful preparation in anticipation of target onset. Consistent with no behavioural effect of anodal tDCS on reaction time, anodal tDCS did not affect CNV amplitude (*F* \<  1).

3.5. Participant tolerance {#sec0060}
--------------------------

Participants reported mild and temporary sensory effects which were equivalent for the sham and stimulation sessions. There were no adverse reactions and no drop outs from the study.

4. Discussion {#sec0065}
=============

4.1. Major findings {#sec0070}
-------------------

The principal finding of this study was that a single session of anodal tDCS over the motor cortex of healthy aged subjects resulted in improved functional performance of fine motor tasks of the non-dominant hand irrespective of whether it was the dominant or non-dominant cortex which was stimulated. As anticipated, the dominant hand responded faster in all tasks however its performance did not improve with anodal tDCS. Electrophysiologically participants elicited larger CNV amplitudes for directional compared to non-directional cues however there was no beneficial effect of anodal tDCS on reaction times or response preparation on the go/no go task.

We anticipated improved performance of the contralateral hand with anodal stimulation. This was not observed with the dominant hand/cortex. This asymmetry in response to cortical stimulation has previously been observed in young subjects (Boggio, Castro et al., 2006, [@r41], [@r42]) and may reflect asymmetrical use of the hemispheres whereby the reduced dexterity and use of the non-dominant hand leads to relatively decreased cortical excitability of the non-dominant motor cortex ([@r10]). The lack of effects in the dominant hand may represent a ceiling effect given that the dominant hemisphere is already optimally activated therefore increasing the excitability of this region with tDCS would infer no additional benefit on function ([@r44]). This is supported by the findings of Furuya et al. (2014) who found that tDCS improved skilled finger movements in novice subjects but not in trained pianists indicating that functional changes in the motor cortex are dependent on the level of the expertise required for the task. Similarly it may reflect a ceiling effect of the assessment task itself which was relatively simple. In contrast there was statistically significant improvement in non-dominant hand function. TMS studies have shown that the non-dominant cortex has a higher motor threshold suggesting tDCS may represent an effective way to lower the threshold, increase excitability and therefore hand performance (De Gennaro, Cristiani et al., 2004).

Our findings are in conflict with previous work in older adults which reported improved performance of the dominant hand with dominant hemisphere stimulation. This may be due to our sample being on average 9 years younger and potentially less impaired thus having less scope for measureable improvement than the participants of the [@r19] study; or due to the more complex nature of the task used by [@r45] where a finger tapping sequence was used. Our study supports the notion that there is a degree of task specificity in the effects of tDCS ([@r19]) such that the benefits were more pronounced on the fine motor tasks of the JTT and not the gross motor tasks, and there was no measurable change in the measures of grip strength.

Task specificity of the effects of tDCS may in part explain the disparity between the functional task results and performance on the go/nogo task. While on the functional tasks, stimulation produced some improvement in non-dominant hand performance, on the cued go/nogo task, there was no evidence of a positive effect of stimulation. In fact, dominant hemisphere stimulation resulted in slower reaction time compared to sham. Although improved function is the ultimate goal of stimulation, functional performance is the cumulative effect of many processes and is only an indirect and non-specific measure of motor-related cortical excitability. In contrast, tasks such as the cued go/nogo task presented here can be used to dissect motor performance into its underlying processes, and examine the level at which stimulation affects motor output. Here we report two levels: the final outcome (RT) and the earliest evidence of motor preparation (CNV). The CNV indicates the level of readiness to respond to a validly predicted target and has been linked to level of excitation in the supplementary motor area and primary motor cortex ([@r26]). On analysis of final outcome (RT) and motor preparation (CNV), the current findings indicate that, despite some evidence of non-specific enhancement of non-dominant hand response speed with both dominant and non-dominant cortex stimulation, neither stimulation condition improved motor preparation or response speed. This may also be due tothe timing of the stimulation in relation to the timing of EEG recordings which commenced approximately 40 minutes after the stimulation due to the time required for the functional assessments and EEG set up. Therefore any excitability effects may have returned to baseline in this time, or the functional assessments may have negated the effects of the stimulation. Thirugnanasambandam et al. (2011) demonstratedthat the effects of anodal tDCS were reduced when stimulation was followed by an isometric muscle contraction which was sustained for two minutes. Our assessment of grip strength may have produced the same negating effect however as the EEG task required different neuronal circuits to the grip task, and the effects of tDCS are thought to be network specific, ([@r1]) this can only be speculated. Similarly, there is debate in the literature whether tDCS and task performance should occur sequentially or concurrently. Some authors report that behavioural facilitation only occurred when tDCS was applied during the task execution ([@r16], [@r36]) yet others state that tDCS must be applied prior to the task ([@r12], [@r39]). The effect of timing on the application of tDCS and the measurement of the response clearly needs further examination.

Improvement in non-dominant hand performance with anodal tDCS of the dominant hemisphere was not anticipated. Due to transcallosal inhibition, it would be reasonable to expect that anodal stimulation may lead to decreased excitability of the contralateral cortex and result in a detrimental effect on performance of the ipsilateral hand. The fact that the reverse occurred with respect to dominant cortex stimulation suggests that the ipsilateral motor cortex may, in certain instances, be relevant for motor performance in the non-dominant hand. This may especially be the case in older adults, as functional neuroimaging studies have demonstrated that the ageing brain shows more diffuse activation with less lateralisation during unilateral functional movement than in the young brain ([@r8]). Hence it is possible that participants recruited additional networks from the dominant hemisphere to compensate for age-related functional impairment and that tDCS has the capacity to augment this in older adults.

4.2. Limitations {#sec0075}
----------------

We aimed to evaluate the effects of anodal stimulation of the primary motor cortex. However motor skill acquisition is a complex process involving multiple brain areas including prefrontal structures. The anodal montage used, whereby both electrodes are placed on the scalp, may have produced unwanted effects under the reference electrode. That is, anodal tDCS of the motor cortex occurs concurrently with cathodal stimulation of the frontopolar cortex potentially causing widespread excitability changes ([@r23]). Furthermore, we used relatively large electrodes (35 cm^2^) which cover not only the primary motor cortex but also the adjacent cortices reducing the focality of the stimulation. In particularly, stimulation of the premotor cortex cannot be excluded however to date the effects of stimulation in this region are few and inconsistent ([@r32]). Although this is the most commonly adopted electrode montage, future studies using an extracephalic reference or smaller anode electrode may overcome this concern.

4.3. Clinical implications {#sec0080}
--------------------------

Previous studies have neglected to measure the bilateral upper limb effects of tDCS and therefore overlooked the potential importance of the ipsilateral descending pathways for movement performance. Current stroke research studies apply cathodal stimulation (not anodal) to the intact hemisphere to decrease excitability of this region in order to decrease transcallosal inhibition to the lesioned hemisphere. If we infer from our results that differences in the performance of the dominant and non-dominant hand reflect to some degree the differences between the paretic and non-paretic hands of stroke patients, our results would advocate the use of anodal stimulation to the intact hemisphere. This would seem particularly pertinent in the case of severe cortical stroke whereby the ipsilesional tracts may be the only intact descending pathway from the cortex. A neurophysiological model of ipsilateral limb control in stroke has recently been proposed ([@r6]) and warrants further investigation.

4.4. Conclusion {#sec0085}
---------------

A large body of tDCS research has focused on healthy young adults. This is a fundamental limitation as the main recipients of tDCS in the clinical setting are likely to be much older. There are considerable discrepancies regarding the effects of anodal tDCS on motor performance. This may be due to the nature of the task, the outcome measured, or multiple physical and anatomical differences between subjects. This study is unique in the breadth of examination to include both hemispheres and both upper limbs and demonstrated that the two hemispheres respond differently to anodal stimulation. This has established the foundations for subsequent comparisons between healthy aged subjects and patients with prevalent disease conditions such as stroke.
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![Effects of (A) dominant and (B) non dominant hemisphere stimulation on grip strength. Force (pounds per centimetre of pressure, lbs) exerted using key grip and tip pinch grip, pre and post stimulation.](rnn-33-4-rnn140490-g002){#rnn-33-4-rnn140490-g002}

![Reaction time (sham -- active stimulation). Difference in reaction times between sham and active conditions (time in milliseconds) in response to directional and non directional cues.](rnn-33-4-rnn140490-g003){#rnn-33-4-rnn140490-g003}

###### 

Demographic and baseline characteristics

  Characteristic               
  ---------------------------- -----------------
  Gender                        Males 19 (56% )
  Age                             61.4 ± 12.2
  MoCA                            27.9 ± 2.0
  JTT dominant hand               43.2 ± 7.7
  JTT non-dominant hand           67.2 ± 13.5
  Key grip dominant hand          18.2 ± 5.6
  Key grip non-dominant hand      17.7 ± 4.7
  Tip grip dominant hand          14.1 ± 4.1
  Tip grip non-dominant hand      13.8 ± 4.0

Figures reported as mean ± standard deviations. JTT = Jebsen Taylor Test recorded in seconds, grip strength recorded as pounds per centimetre of pressure.
